NMDA receptor antagonists, such as (ϩ)-5-methyl-10,11-dihydro-5H-dibenzo [a,d] cyclohepten-5,10-imine maleate (MK-801), potently block glutamate-induced neuronal death in myriad in vitro cell models and effectively attenuate ischemic damage in vivo. In this report, a novel role for MK-801 and other NMDA receptor antagonists in preconditioning neurons to withstand a wide range of subsequent lethal insults is described. A brief 30 min exposure to 0.1 M MK-801, applied up to 96 hr before a "lethal" insult, protected primary cortical neurons from a diverse group of neurotoxic agents, including NMDA, ␤-amyloid, staurosporine, etoposide, and oxygen-glucose deprivation. This neuroprotective preconditioning by MK-801 arose from transient NMDA receptor inactivation, because the noncompetitive NMDA receptor antagonists memantine and nylindin and the competitive antagonist AP-5 gave similar effects. MK-801 protection was dependent on new protein synthesis during the first 2 hr, but not from 2 to 5 hr, after MK-801 exposure. The MK-801 transient did not alter the ability of NMDA to trigger normally lethal [Ca 2ϩ ] i influx 48 hr later, but it did block early downstream signaling events coupled to NMDA neurotoxicity, including PKC inactivation and the activation of calpain. Moreover, MK-801 protected neurons from staurosporine-induced apoptosis, although caspase activation in these cells was unimpeded. It is likely that the stress associated with transient inactivation of NMDA receptors triggered a rapid compensatory survival response that provided long-term protection from a spectrum of insults, inducing apoptotic and nonapoptotic death. The possibility that MK-801 preconditioning blocks an event common to seemingly diverse death mechanisms suggests it will be an important tool for obtaining a clearer understanding of the salient molecular events at work in neuronal death and survival pathways.
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It is well established that preconditioning of cardiac and brain tissue with sublethal insults prepares cells to better withstand subsequent injury (Chen and Simon, 1997; Dekker, 1998; Ferdinandy et al., 1998) . In nervous tissue, in vivo preconditioning is primarily achieved by brief nonlethal ischemic insults (Kitagawa et al., 1990; Kirino et al., 1991; Liu et al., 1993) , although other "stress"-inducing conditions, including hypoxia (Gidday et al., 1994) , spreading depression (Kobayashi et al., 1995) , and seizure induction (Sasahira et al., 1995) , protect the brain from subsequent neurotoxic insults. Both the intensity of the sublethal insult and the latency between preconditioning and the final insult determines the extent of neuroprotection attained (Chen and Simon, 1997) . In vitro, mild anoxia-hypoxia (Khaspekov et al., 1998; Tauskela et al., 1999) , oxidative phosphorylation inhibition (Kasischke et al., 1996; Riepe et al., 1997) , adenosine receptor stimulation (Heurteaux et al., 1995) , KCl depolarization (Matsushima et al., 1996; Taga et al., 1997) , and heat-shock (Liu et al., 1993) have been reported to spare brain slices or primary neurons from subsequent lethal injury. In general, preconditioning agents-conditions appear to act by inflicting sublethal stresses on neurons that cause a responsive upregulation of intrinsic neuroprotective survival mechanisms (Chen and Simon, 1997) .
The cellular mechanisms propagating the initial stress and the subsequent compensatory protective processes in preconditioned neurons are poorly understood. The 24 -48 hr necessary to induce ischemic tolerance in brain (Kitagawa et al., 1990; Kato et al., 1991; Kirino et al., 1991) and the observation that protein synthesis inhibitors block ischemic preconditioning (Barone et al., 1998) suggests that new gene expression mediates the response. A role for NMDA receptor signaling in ischemic preconditioning in the CNS is probable because NMDA receptor antagonists attenuate "ischemic tolerance" induced by brief ischemic insults in gerbils (Kato et al., 1992) , oxygen-glucose deprivation (OGD) in cortical cultures (Grabb and Choi, 1999) , and chemical hypoxia in hippocampal slices (Kasischke et al., 1996) . Moreover, sublethal NMDA concentrations protect neurons from lethal death stimuli applied at later times (Bhave et al., 1999) .
Competitive and noncompetitive NMDA receptor antagonists inhibit excitotoxic cell death induced by ischemia, trauma, and other insults. (ϩ)-5-Methyl-10,11-dihydro-5H-dibenzo [a,d] cyclohepten-5,10-imine maleate (MK-801) is a potent noncompetitive NMDA receptor antagonist widely used to block glutamateinduced death in a spectrum of in vitro neuronal models, and myriad examples attest to its effectiveness in attenuating ischemic damage in animals (Gill et al., 1992; McCulloch et al., 1993) . However, long-term inactivation of NMDA receptor function by MK-801 is lethal to cortical neurons (Hwang et al., 1999) , suggesting that a shorter, more controlled MK-801 exposure could possibly evoke a pharmacologically induced preconditioning of cortical cells. In this report, we demonstrate a novel role for MK-801 and other NMDA receptor antagonists as powerful preconditioning agents in primary cortical neurons. The data suggest that a brief, transient inactivation of NMDA receptors triggers a resilient phenotypic change in cortical cells, which confers to them long-lasting protection against a spectrum of insults inducing both apoptotic and nonapoptotic death.
MATERIALS AND METHODS
Reagents. Dulbecco's PBS, Eagle's Minimum Essential Medium (M EM), 5-fluoro-2Ј-deoxyuridine, glutamate, poly-L-lysine, propidium iodide (PI), trypan blue, and uridine were purchased from Sigma (St. L ouis, MO).
Heat-inactivated fetal bovine serum (FBS) and L-glutamine were purchased from Life Technologies (Grand Island, N Y) , and heat-inactivated horse serum was purchased from HyC lone (L ogan, UT). NMDA, AM PA, M K-801, C NQX, AP-5, glutamate-pyruvate transaminase (GP T), and memantine were purchased from Research Biochemicals Inc. (Natick, M A), and C P101,606 was a generous gift of Pfizer Pharmaceuticals (Groton, C T). Protein reagent was from Bio-Rad (Richmond, CA). Fura-2 AM was purchased from Molecular Probes (Eugene, OR). Staurosporine, etoposide and the cell-permeable calpastatin peptide were from C albiochem (La Jolla, CA), cycloheximide (CHX) and nylidrin were from Sigma, anti-spectrin antibody was from Chemicon (Temecula, CA), and ␤-amyloid (1-40) was a generous gift of Neurochem Inc. (Montreal, Quebec, C anada).
Fetal rat cortical neuron isolation. Rat cortical neurons were cultured by a modification of a previously described method (Durkin et al., 1996) . Timed-pregnant Sprague Dawley rats were purchased from Charles River C anada (St. Constant, Quebec, C anada). After the mother was killed by cervical dislocation under halothane anesthesia, the fetuses were removed on embryonic day 18 (E18), their brains were removed and placed in ice-cold PBS, and the cortices were dissected. The cortical neurons were dispersed by triturating with a 10 ml pipette, and the cells were centrif uged at 250 ϫ g for 5 min at 4°C. The cells were gently resuspended in plating medium, and viable cells were determined by trypan blue exclusion. The cells were plated at 10 5 cells/cm 2 in plating medium consisting of 80% M EM, 10% heat-inactivated FBS, 10% heat-inactivated horse serum, 25 mM glucose, and 2 mM L-glutamine. For the determination of neurotoxicity and protein kinase C (PKC) activity, the cells were plated in poly-L-lysinecoated 35 mm tissue culture dishes (DuPont-Life Technologies, Burlington, Ontario, C anada). For the measurement of intracellular free C a 2ϩ concentrations ([C a 2ϩ ] i ), cortical neurons were plated on poly-L-lysinecoated 12 mm glass coverslips (Bellco Glass Inc., Vineland, NJ) and incubated in 24-well tissue culture dishes (DuPont-Life Technologies) in 0.5 ml of plating medium at 37°C in an atmosphere of 5% C O 2 and 95% air. The cultures were mixed populations containing both neurons and glial cells. Therefore, to minimize glial growth, the cultures were treated with 15 g /ml 5-fluoro-2Ј-deoxyuridine and 35 g /ml uridine on day 4 of culture for 2 d. After exposure to mitotic inhibitors, one-half of the medium was removed and replaced with growth medium consisting of 90% M EM and 10% horse serum. E xperiments were performed on cultures after 14 -18 d in culture.
Culture treatments. For preconditioning, one-half of the culture conditioned medium (C M) was removed and saved, and the indicated doses of M K-801, memantine, nylidrin, AP-5, or C NQX were added to the cultures for 30 min (2 hr for AP-5). The cells were then washed twice in C SS buffer [(in mM): NaC l 120, KC l 5.4, MgC l 2 0.8, C aC l 2 0.8, glucose 15, and buffered with 25 Tris, pH 7.4], and the removed C M was replaced and incubated up to 96 hr before being subjected to NMDA (50 M or indicated concentrations) for 5 min, AM PA (200 M) for 15 min, staurosporine (1 M or indicated concentrations) or etoposide (30 M) for 4 hr, or A␤:1-40 (50 M) for 24 hr, or subjected to hypoxia-hypoglycemia for 4 hr as described previously (Tauskela et al., 1999) . Oxygen -glucose deprivation was performed by placing culture dishes in BSS buffer [(in mM): 140 NaCl, 5 KCl, 2 CaCl 2 , 10 H EPES, and 0.03 glycine, pH 7.4) in a 37°C incubator housed in an anaerobic glove box (Forma Scientific, Marjetta, OH) in 95% N 2 -5% C O 2 , producing an O 2 partial pressure equal to 10 -15 torr. After 4 hr, dishes were removed from the anaerobic incubator, and the BSS was replaced with the stored medium of the cell and maintained at normal atmospheric O 2 with 5% C O 2 at 37°C. In all cases, after cytotoxic treatment, the cultures were returned to C M. C ells were harvested 2 hr after NMDA addition for PKC activity measurements, 6 hr later for caspase 3 activity determinations , and 24 hr later for cell viability measurements assessed by propidium iodide exclusion. For "acute" exposure, M K-801 (1 M) was added during the time of NMDA or staurosporine treatment and was removed along with the cytotoxin. All other additions to cells, whether transient or persistent, were made in C M taken from sister cultures.
Measurement of calpain activation by spectrin hydrol ysis in intact neurons. A calpain-specific anti-brain-␣-spectrin antibody was prepared as described previously (Roberts-Lewis et al., 1994 ) that selectively detects the 155 kDa spectrin breakdown product generated by -calpain. Spectrin hydrolysis was also measured with a commercially available polyclonal antibody raised against rat erythrocyte spectrin (240/235E; Chemicon) that detects intact spectrin and calpain-generated spectrin fragments (155 and 150 kDa), as well as the 120 kDa fragment generated by the action of caspase 3 (Pike et al., 1998; Wang et al., 1998) . C ell lysates containing equal amounts of protein were separated by 10% SDS-PAGE, and the separated proteins were electrotransferred to poly vinylidene difluoride membranes. The membranes were blocked with 1% BSA in TBST solution (10 mM Tris-HC l, 150 mM NaC l, and 0.05% T ween 20, pH 8.0) and probed with the appropriate primary anti-spectrin antibody. The membranes were washed three times in TBST solution, incubated with alkaline phosphatase-conjugated anti-rabbit IgG, and washed an additional five times. The bands were visualized by an alkaline phosphatase developer solution containing 100 mM Tris-HC l, 100 mM NaC l, 5 mM MgC l 2 , 120 M nitroblue tetrazoliumchloride, and 540 M 5-bromo-4-chloro-3-indolylphosphate, pH 9.5 (Amersham Pharmacia Biotech, Arlington Heights, IL).
[Ca 2ϩ ] i measurement. [C a 2ϩ ] i was determined by measuring the fluorescence signal from the C a 2ϩ -sensitive indicator f ura-2. Neurons were loaded with f ura-2 by incubating them for 30 min at 37°C in a Mg 2ϩ -free normal buffer solution (140 mM NaC l, 5 mM KC l, 2.5 mM CaCl 2 , 30 M glycine, 2.6 mM dextrose, and 10 mM H EPES), containing 2.5 M f ura-2 AM. E xperiments were conducted at room temperature on single cells or small groups of four to eight cells on glass coverslips in a custom-made coverslip holder fitted to the stage of a Z eiss IM inverted microscope (C arl Z eiss C anada, Don Mills, Ontario, C anada) coupled to a C M3 cation measurement spectrofluorimeter (Spex Inc., Newark, NJ). Measurements were performed using 350 and 380 nm excitation wavelengths alternating at a frequency of 1 Hz. The sample was illuminated through a 40ϫ epifluorescence objective (UV FL40, numerical aperture of 0.85; Olympus Optical, Tokyo, Japan). The emitted light, after collection by this objective, was passed through a 505 nm interference filter (10 nm bandwidth), and its intensity was recorded by a photon counter detector mounted on the microscope. The [C a 2ϩ ] i was indicated by the ratios of the fluorescence intensities of f ura-2 emission at 505 nm induced by the alternating excitation wavelengths 350 and 380 nm.
Protein k inase C activit y determinations. C ells were washed twice with ice-cold PBS, suspended in 0.5 ml of ice-cold hypotonic lysis medium (1 mM NaHC O 3 , 5 mM MgC l 2 , and 100 M phenylmethyl sulfonylfluoride) for 2 min, and lysed by vortexing vigorously for 2 min. All subsequent steps were performed at 4°C. Nuclei and unlysed cells were sedimented at 600 ϫ g for 5 min, and membrane and cytosol fractions were separated by centrif ugation at 100,000 ϫ g for 10 min in a Beckman TL -100 ultracentrif uge. PKC activity in isolated cell membranes was measured by the direct PKC assay as described by Chakravarthy et al. (1991 Chakravarthy et al. ( , 1994 . The PKC activity in the membranes was measured using a peptide substrate, Ac-F K K SF K L -N H 2 , corresponding to the specific PKC -phosphorylation site of the M ARCK S protein. This substrate peptide has been shown to be phosphorylated equally by all major PKC isoforms (Heemskerk et al., 1993) . The assay reaction mixture contained 20 -50 l of membrane suspension (containing 3-8 g of protein) in assay buffer [consisting of 50 mM Tris-HC l (H 7.5), 5 mM MgC l 2 , 1 M CaCl 2 , 100 M sodium vanadate, 100 M sodium pyrophosphate, 1 mM sodium fluoride, and 100 M phenylmethylsulfonyl fluoride] and 10 l of 750 M PKC substrate peptide (in 50 mM Tris-HC l buffer, pH 7.5). The total volume was adjusted to 90 l with 50 mM Tris-HC l buffer, pH 7.5. The reaction was started by adding 10 l of 500 M [ 32 P]ATP (220 cpm /pmol in Tris buffer; 0.5 mC i /tube). After incubation for 10 min at 25°C, the reaction was stopped by adding 10 l of 5% acetic acid, and the samples were clarified by centrif ugation at 16,000 ϫ g for 5 min in a microf uge. A 90 l sample of each supernatant was applied to P81 Whatman paper (2 cm 2 ), and the papers were washed twice in 5% acetic acid (10 ml /cm 2 paper) by gentle stirring for 10 min. The radioactivity bound to the washed papers was determined by liquid scintillation counting. To calculate the amount of radioactivity incorporated specifically into the substrate peptide, the nonspecific binding of 32 P to the P81 papers was determined as above in the absence of the peptide.
Statistical anal ysis. Statistical analyses were performed with the software package Statistica, using ANOVA or t tests where appropriate.
RESULTS
Primary cortical neurons were pretreated with 1 M MK-801 for 30 min in CM, washed, and returned to drug-free CM for up to 96 hr before being subjected to a number of cytotoxic conditions. This brief MK-801 preconditioning was found to evoke a powerful, long-lasting and broad-based neuroprotective response in cortical cells. Thus, cultures transiently exposed to MK-801 were protected from the excitotoxic effects of NMDA applied 48 hr later (Fig. 1 A) . Preconditioning with MK-801 offered complete protection against subsequent NMDA, even when the excitotoxin was added 96 hr after the 30 min MK-801 application (data not shown). Significantly, cortical neurons were also protected from the cytotoxic effects of AMPA, a 6 hr treatment with staurosporine or etoposide, or from A␤ (1-40) when subjected to a 30 min MK-801 treatment 48 hr before insult (Fig. 1 A) . The neuroprotective effects of MK-801 also extended to cortical cells exposed to 2 hr of OGD 48 hr after transient MK-801 application (Fig. 1 B) . In contrast, the addition of BDNF, under conditions that strongly protect cortical cultures from excitotoxicity (Tremblay et al., 1999) , had no ability to protect cells from hypoxia-induced damage (Fig. 1 B) . In all of the above cases, cell viability was assessed 24 hr after the normally lethal insult was applied. Although the extent of kill induced in cortical cells varied with the specific cytotoxic agent-condition used (i.e., ϳ85% for NMDA to ϳ40% for etoposide), MK-801 pretreatment consistently reduced the degree of kill in these cultures to Ͻ20% (Fig. 1 A) . Moreover, MK-801 pretreatment protected neurons from concentrations of NMDA and staurosporine that were, respectively, at least fourfold and tenfold higher than normally needed to inflict substantial cell death (Fig. 2) , indicting that protection was not the result of small changes in the effective lethal dose of these cytotoxins. MK-801 protected neurons from NMDA and staurosporine for at least 3 d after insult (data not shown), suggesting that the effects of transient MK-801 were longlasting and not just delaying cell death as may well be the case with other protectants, such as caspase inhibitors (Lemaire et al., 1998; Grabb and Choi, 1999) .
Several lines of evidence indicated that MK-801 preconditioning was mediated by its interaction with, and inhibition of, NMDA receptors: (1) the neuroprotective effect of MK-801 was mimicked by the structurally unrelated noncompetitive NMDA channel blocker memantine (Fig. 3A) , the ifenprodil-halperidol site antagonist nylidrin, and the competitive antagonist AP-5 (Fig. 3B) ; (2) MK-801 protection was not observed in staurosporine-or etoposide-treated human neuroblastoma cells (SH-SY5Y) or primary rat astrocytes (data not shown), cells that do not possess functional NMDA receptors (Backus et al., 1989; Jensen and Chiu, 1990; Porter and McCarthy, 1997) ; and (3) MK-801 preconditioning protected within the same concentration range (i.e., 0.01-0.1 M) that the acute administration of MK-801 effectively blocked NMDA toxicity, that is when the drug was added 5 min before and was present during a 5 min NMDA exposure (Fig. 3C) . In contrast, cortical cells exposed to the AMPA receptor antagonist CNQX under similar conditions were not protected from either NMDA or AMPA applied 48 hr later (Fig. 3D) . Interestingly, the enzymatic removal of basal glutamate present in the conditioned culture medium of cortical cultures by a 2 hr exposure to 10 U/ml glutamate-pyruvate transaminase somewhat mimicked the effects of NMDA receptor inactivation in that the cells were partially protected from lethal NMDA applied 48 hr later (Fig. 3B) . Increasing the concentration of GPT in the medium beyond 10 U/ml was unable to enhance the neuroprotective effects (data not shown). Thus, briefly blocking NMDA receptor activity by any of a number of NMDA receptor antagonists or conditions caused a protracted cellular response that protected cells from diverse cytotoxic agents.
Neuroprotection by MK-801 and other NMDA receptor antagonists arose from long-lasting changes induced in cells during and shortly after their application rather than to any effects on NMDA receptors arising from residual drug present at the time of lethal injury. First, long-term neuroprotection afforded by transient NMDA receptor blockage occurred with a spectrum of NMDA receptor antagonists, including agents that would be expected to have rapid washout rates [i.e., the competitive antagonist AP-5 (Fig. 3B) ]. In addition, MK-801 preconditioning had no discernible effects on subsequent Ca 2ϩ influx via the NMDA receptor. Control and MK-801 preconditioned neurons were loaded with fura-2 AM 48 hr later and subsequently challenged with NMDA. As shown in Figure 4 A, NMDA-induced Ca 2ϩ influx was not discernibly different in control and MK-801 pretreated cells, a result inconsistent with the neuroprotective effects of MK-801 arising from residual drug present at the time of the excitotoxic insult. Moreover, although MK-801 preconditioning blocked NMDAinduced cell death, it did not prevent a rapid and transient NMDAmediated cell swelling (Fig. 4C) , a well described early marker of glutamate-NMDA-induced injury (Basavappa and Ellory, 1996; Churchwell et al., 1996; Sakaguchi et al., 1999) . More compelling evidence came from the observation that, as reported previously (Prehn et al., 1997) , staurosporine-induced neuronal death is independent of glutamate receptors. As shown in Figure 5A , adding MK-801 to cortical cultures immediately before a 6 hr staurosporine exposure had no ameliorative effects on cell death, indicating that NMDA receptor activation was not coupled to staurosporine neurotoxicity in cortical cells. Despite this observation, MK-801 protection became apparent in cultures that were transiently (i.e., 30 min) pretreated with the drug 1-2 hr, or longer, before exposure to staurosporine (Fig. 5A) . Thus, the transient suppression of NMDA receptor function evoked a neuroprotective response that was not immediate but took time (albeit a relatively short period) Figure 1 . Transient (30 min) exposure of primary cortical neurons to MK-801 provides long-term protection against ( A) NMDA, AMPA, staurosporine, etoposide, and ␤-amyloid (1-40) and ( B) hypoxia, applied 48 hr later. E18 cortical cells were pretreated with 1 M MK-801 or vehicle in CM for 30 min and then returned to drug-free CM for 48 hr. Cultures were then exposed to the indicated concentrations of NMDA for 5 min, staurosporine or etoposide for 6 hr, or A␤ (1-40) for 24 hr, all presented to cells in CM. Control cultures were treated with vehicle under identical conditions. For BDNF addition, cultures were exposed continuously to 100 ng/ml neurotrophin [concentrations and conditions shown to effectively block NMDA injury (Durkin et al., 1996] for 24 hr before hypoxia. In all cases after neurotoxic treatment, dishes were washed once in CSS buffer, and the saved conditioned medium was returned to the cultures. Dishes were incubated an additional 24 hr before cell viability was assessed by counting phase-bright cells (live cells) under phase-contrast microscopy and PI-labeled nuclei (dead cells) under fluorescence microscopy. Viability was calculated as the ratio of phase-bright cells to total cells (i.e., phase-bright plus PI-stained). Cell viability was expressed as a percentage using triplicate dishes, and error bars represent the mean Ϯ SEM from at least three independent experiments. In A, *p Ͻ 0.05; **p Ͻ 0.01 compared with non-MK-801-treated counterparts. In B, *p Ͻ 0.05 compared with control. Figure 2 . MK-801 preconditioning offers protection against a wide range of (A) NMDA and (B) staurosporine concentrations. Cortical cultures were pretreated with 1 M MK-801 or vehicle for 30 min and returned to drug-free CM for 48 hr before being exposed to NMDA for 5 min or staurosporine for 6 hr as described in the legend to Figure 1 . Dishes were then washed once in CSS buffer, and saved conditioned medium was returned to the cultures for 24 hr, at which time cell viability was assessed by PI exclusion described in the legend to to develop and mature. Attempts to perform similar "timing" experiments with NMDA-treated cells were not possible, because unlike staurosporine, the acute addition of MK-801 predictably blocked NMDA toxicity (Fig. 3C ). However, it was possible to perform such experiments with AP-5 that, as a competitive antagonist, would be expected to exhibit rapid off rates upon its removal from the culture medium. NMDA toxicity was effectively blocked by 100 M AP-5 present during the 10 min exposure to lethal NMDA (Fig. 5B, compare lanes b, c) . In contrast, AP-5 added transiently for 30 min 1 hr before NMDA exposure was not protective (Fig. 5B, lane d) , indicating the drug indeed was effectively removed by washing. Nevertheless, almost complete protection was observed in cultures exposed for 2 hr to AP-5 between 150 and 30 min before NMDA (Fig. 5B, lane e) . This finding demonstrated that, like the MK-801-staurosporine combination in Figure  5A , blocking NMDA receptor function transiently ϳ2 hr before a lethal death signal was sufficient to generate the neuroprotective response. However, once triggered in neurons, this neuroprotective mechanism exhibited remarkable longevity. As shown in Figure  5C , a 2 hr exposure to AP-5 protected cells completely from lethal NMDA added up to 48 hr later. Unlike MK-801, which was still maximally protective in cortical neurons challenged with NMDA 96 hr later (data not shown), the neuroprotective effects of AP-5 gradually declined beyond the 48 hr point (Fig. 5C ).
Neuroprotective preconditioning afforded by MK-801 was effectively blocked by the protein synthesis inhibitor CHX present during and briefly after MK-801 treatment. Cells were exposed to CHX (10 g/ml) during and for 90 min after a 30 min MK-801 treatment, or alternatively, from 2 to 5 hr after MK-801 withdrawal. Cultures treated in this manner were subsequently challenged with lethal NMDA (50 M) 48 hr later. As shown in Figure  6 , MK-801 neuroprotection was reduced by Ͼ50% when CHX was applied during the first 2 hr after MK-801. In contrast, delaying the addition of CHX until 2 hr after the MK-801 transient was far less effective in reversing the preconditioning effect (Fig. 6) . At the concentration of CHX used (i.e., 10 g/ml), the steady-state level of protein synthesis in cortical cultures was inhibited by ϳ50% within 30 min (data not shown). These results suggest that MK-801 preconditioning was dependent on new protein synthesis, and likely on new gene expression, during the first few hours after the MK-801 transient. Perhaps the most significant aspect of MK-801 preconditioning was its ability to prevent the death of cortical cells by diverse agents acting by seemingly different routes. Thus, both staurosporine and etoposide kill cells, including cortical neurons, by apoptotic mechanisms (Bertrand et al., 1994; Koh et al., 1995; Solovyan et al., 1998; Tronov et al., 1999) . In contrast, hypoxia and NMDA can trigger cortical death by necrosis or what has been described as "nonclassical" apoptosis (Ankarcrona et al., 1995; Lesort et al., 1997; Ankarcrona, 1998; Sohn et al., 1998). In our hands, stauro- Figure 3 . Transient NMDA receptor inactivation in cortical neurons provides long-term protection from excitotoxicity. Transient application of ( A) the NMDA receptor channel blocker memantine and ( B) the competitive NMDA antagonist AP-5, the ifenprodil-halperidol site antagonist nylidrin, or GPT provides long-term protection against NMDA neurotoxicity. C, MK-801 concentrations that block NMDA receptor activation and NMDA-mediated cell death when added concomitantly (i.e., t ϭ 0) are the same that provide long-term neuroprotection when added transiently 2 d before NMDA (i.e., t ϭ Ϫ48 hr). D, MK-801, but not the AMPA channel blocker CNQX, provides protection against both NMDA-and AMPA-mediated neurotoxicity. Cortical cultures were pretreated with the indicated concentrations of MK-801, memantine, nylidrin, or vehicle for 30 min or with CNQX, AP-5, GPT, or vehicle for 2 hr in conditioned medium before being washed and returned to drug-free CM for 48 hr. In the case of GPT, 50 M pyruvate was added along with the enzyme to ensure that the reaction would favor the deamimation of glutamate present in the media. Cells were then exposed to NMDA for 5 min or AMPA for 20 min as described in the legend to Figure 1 . In some cases, previously untreated cultures were exposed to the indicated concentrations of MK-801 (B; t ϭ 0) immediately before the 5 min NMDA exposure. After neurotoxin treatment, the dishes were washed with CSS buffer, retained drug-free conditioned medium was returned to the cultures for 24 hr, and cell viability was then assessed by PI exclusion as described in the legend to Figure 1 . Results are presented as percent viable cell counts in quadruplicate dishes; values are means Ϯ SEM and are ( A) typical of at least two separate determinations. In A, *p Ͻ 0.05; **p Ͻ 0.01 compared with NMDA alone. B is the average of three separate experiments. In B, **p Ͻ 0.01 compared with NMDA alone. C is typical of at least three separate determinations. In C, **p Ͻ 0.01 compared with NMDA alone. D is typical of at least three separate determinations. In D, **p Ͻ 0.01 compared with respective excitotoxin-treated alone.
sporine, but not NMDA, caused condensed chromatin and cell morphology characteristic of "classical" apoptosis (Fig. 7A) . This distinction was also evident by changes in apoptosis-associated caspases after such insults. Whereas lethal concentrations of staurosporine and etoposide caused activation of caspase 3 in cortical cells, NMDA did not (Fig. 7B ). In the case of NMDA, caspase activity was measured 6 hr after the NMDA transient, a point at which ϳ30% of the cells were already dead as measured by propidium iodide uptake. Interestingly, caspase 3 activity increased in MK-801 preconditioned cortical cells challenged with staurosporine, despite the fact MK-801 protected the cells from death (Fig.  7B ). This staurosporine-induced increase in caspase activation in MK-801 protected cortical cultures was not likely attributable to activation of the protease in glial cells present in the mixed cortical culture because staurosporine did not stimulate caspase in glialenriched cultures in which the neuronal population was previously removed by chronic NMDA exposure (data not shown). This finding is consistent with a previous study (MacManus et al., 1997) showing that 1 M staurosporine is not toxic to glial cells present in mixed cortical cultures. These data suggest that the neuroprotective response evoked by MK-801 acts either downstream, or is independent, of caspases in staurosporine-injured neurons.
Another protease linked to death mechanisms in neurons is the Ca 2ϩ -dependent, neutral protease calpain (Siman and Noszek, 1988; Wang and Yuen, 1994; Brorson et al., 1995; Rami et al., 1997) . We have demonstrated previously that calpain activation is selectively coupled to the influx of Ca 2ϩ via the NMDA receptor. Ca 2ϩ influx triggered by other routes, such as voltage-dependent calcium channels or ionomycin, failed to induce calpain activation or cell death in cortical cells (Hewitt et al., 1998) . The activation of calpain appears to be a critical event in the mechanism by which NMDA effects cortical death because concentrations of the calpain inhibitor calpeptin, which effectively block NMDA-induced hydrolysis of endogenous spectrin [a marker of calpain activation (Hewitt et al., 1998) ], were also effective in preventing neuronal death by the excitotoxin (Fig. 8 A) . As shown in Figure 8 B, a 30 min MK-801 transient applied either 48 hr before or concomitant with NMDA strongly ablated calpain activation and cell death effected by the excitotoxin. These results are consistent with those presented in Figure 4 in which the rapid inactivation of PKC activity, one of the cardinal Ca 2ϩ -dependent signaling events coupled to NMDA receptor overstimulation and toxicity (Durkin et al., 1996 (Durkin et al., , 1997 , was also blocked by MK-801 pretreatment 48 hr earlier (Fig.  4 B) . Thus, both the inactivation of PKC and calpain activation were attenuated in MK-801 protected neurons, although Ca 2ϩ influx via hyperactivated NMDA receptors appeared unaffected (Fig. 4) . Collectively, these results suggest that the protracted protection afforded by MK-801 against NMDA may arise at least in part from its ability to block cellular events normally coupling the lethal influx of Ca 2ϩ to a rapid PKC inactivation and calpain activation. However, this possible mechanism for MK-801 neuroprotection under excitotoxic conditions appeared not to translate to cortical neurons challenged with staurosporine. Unlike with NMDA, staurosporine-challenged neurons did not respond by activating calpain (Fig. 8C) . In addition, whereas the selective calpain inhibitor calpastatin blocked NMDA neurotoxicity, it had no protective effects in cortical cultures treated with lethal staurosporine (Fig. 8C) .
DISCUSSION
Neuroprotective preconditioning evoked by MK-801 in cortical cells was directly mediated by transient inhibition of the NMDA receptor because the effect was also observed with a series of other NMDA receptor antagonists. Because MK-801 and memantine are use-dependent, open-channel NMDA receptor antagonists (Parsons et al., 1995; Palmer et al., 1997) , it is likely that transient blockade of basal NMDA receptor activity is responsible for initiating the resultant neuroprotective response. The fact that AP-5, an antagonist that competes with glutamate for its binding site, is as neuroprotective as MK-801 is strong evidence that preconditioning arises from transient blockage of basal NMDA receptor activity. In the mixed cortical cultures used, the levels of glutamate secreted by both glial cells and neurons is likely sufficient to maintain basal glutamate receptor activation. Thus, one explanation for MK-801 neuroprotection is that selective blockade of NMDA receptor function by transient MK-801, in the presence of active AMPA and metabotropic receptors, exerts a nonlethal stress on neuronal cells. The finding that brief exposure to GPT partially mimicked the neuroprotective effects of MK-801 against lethal NMDA 48 hr later is consistent with this concept.
It has been shown recently that a continuous 48 hr exposure to MK-801 is lethal to cortical neurons (Hwang et al., 1999) , indicating that long-term inhibition of NMDA receptor activity constitutes a lethal insult. As such, the 30 min MK-801 exposure used in the present study constitutes a "sublethal" stress that is consistent with conventional thinking related to preconditioning mechanisms. As with other preconditioning paradigms (Ferdinandy et al., 1998; de Zeeuw et al., 1999) , this imposed stress can stimulate compensatory survival mechanisms that protects neurons from lethal insults at later times. However, to the best of our knowledge, no reported preconditioning agent or condition exhibits such longlasting protection against such a diverse group of neurotoxic agents as does MK-801. This is in stark contrast to OGD preconditioning, which although effective against subsequent "lethal" OGD, has Figure 5 . Transient NMDA receptor inactivation induces a rapid but long-lasting neuroprotective response against staurosporine (STP) or NMDA. A, Cortical cultures were pretreated with 1 M MK-801 or vehicle in conditioned medium for 30 min and returned to drug-free conditioned medium for the indicated times before being exposed to 5 M staurosporine for 6 hr as described in the legend to Figure 1 . For the 0 and 0.25 hr time points, MK-801 was left in the medium during the 6 hr staurosporine treatment period before being removed. Dishes were then washed once in CSS buffer, and saved conditioned medium was returned to the cultures for 24 hr. *p Ͻ 0.05 compared with staurosporine alone. B, Cultures were left untreated (lanes a-c) or pretreated with 100 M AP-5 for 30 min (lane d) or 2 hr (lane e). All cultures were then washed once in CSS, and saved conditioned media was returned to the culture for 30 min before some cultures (lanes b-e) were exposed to 50 M NMDA for 5 min. AP-5 was added to lane c during the 5 min NMDA exposure as positive control. Dishes were then washed once in CSS buffer, and saved conditioned medium was returned to the cultures for 24 hr. *p Ͻ 0.05 compared with NMDA alone. C, Cultures were pretreated with 100 M AP-5 for 2 hr and washed once in CSS, and saved conditioned media was returned to the cultures for the indicated time before dishes were exposed to 50 M NMDA for 5 min. Dishes were then washed once in CSS, and saved conditioned medium was returned to the cultures for 24 hr, at which time cell viability was assessed by PI exclusion, as described in the legend to little capacity to protect neurons from staurosporine or excitotoxins (Grabb and Choi, 1999) .
CHX effectively blocked neuroprotection when present during the first 2 hr after the 30 min MK-801 transient but not when added 2 hr after MK-801 withdrawal. Thus, the preconditioning effects of transient NMDA receptor inactivation depends on either new protein synthesis within the initial hours of NMDA receptor blockage or maintaining existing proteins with a high turnover rate. During this critical period, the broad-based neuroprotective response generated by MK-801 remains responsive for at least 48 hr and for 96 hr or longer in the case of NMDA-induced cortical death (data not shown). These findings indicate that a brief 1-2 hr recovery period was sufficient, and necessary, for a MK-801 transient to protect cortical cells from staurosporine (Fig. 5) . The finding that a 2 hr exposure to AP-5 removed 30 min before NMDA application was highly neuroprotective supports this contention. Parenthetically, the fact that AP-5 exposure times of Ͻ2 hr gave progressively less protection from subsequent NMDA suggests that the degree of neuroprotection seen with a 30 min MK-801 exposure (i.e., Fig. 1 ) was attributable to slow washout rates, an understatement of the actual time required to exact maximal neuroprotection. Collectively, the data are consistent with neuroprotection arising from an ϳ2 hr inactivation of the NMDA receptor complex. Regardless, the neuroprotective response upregulated by NMDA receptor inactivation in cortical cells develops rapidly and is remarkably long-lasting.
It is well known that NGF and BDNF protect neurons from injury under various in vivo and in vitro scenarios (Kirschner et al., Figure 7 . Caspase 3 activation was unaffected by MK-801 preconditioning in staurosporine-and etoposide-treated cortical cultures. Cortical cells were pretreated with 1 M MK-801 or vehicle in CM for 30 min and returned to drug-free CM for 48 hr before being subjected to 50 M NMDA for 5 min or to 0.5 M staurosporine or 5 M etoposide for 6 hr. Cultures were then either ( A) photographed 24 hr later under phase-contrast (top panels) or fluorescence (bottom panels) after the additional of propidium iodide or ( B) (1) lysed 6 hr after cytotoxin addition and caspase activity in lysates determined by hydrolysis of the caspase substrate Ac-DEVD-AMC, as described previously or (2) incubated for 24 hr before cell viability was determined by PI exclusion as described in the legend to 1996; Cheng et al., 1997; Kaplan and Miller, 1997; Miller and Kaplan, 1998) . Because NMDA preconditioning in cerebellar neurons has been reported to stimulate BDNF expression (Bhave et al., 1999) , it was possible that MK-801 neuroprotection arose, at least in part, from MK801-mediated BDNF production. In fact, the inability of MK-801 preconditioning to affect NMDA-induced Ca 2ϩ influx, but to block the downstream inactivation of PKC that normally arises from lethal Ca 2ϩ through the NMDA receptor (i.e., Fig. 4) , was similar to that reported for neuroprotection of cortical cells from NMDA by BDNF applied 24 hr before insult (Tremblay et al., 1999) . However, several lines of evidence argue against MK-801 preconditioning being mediated solely by BDNF. First, whereas MK-801 protected cortical cells from OGD, BDNF did not (Fig. 1 B) . Although BDNF protected cortical cells from both NMDA and staurosporine (Tremblay et al., 1999) , unlike MK-801, it was unable to protect from A␤ toxicity (our unpublished observations). Moreover, MK-801 protects cortical neurons from staurosporine without blocking caspase 3 activation (Fig. 7B) , whereas BDNF blocked staurosporine-mediated caspase 3 activation under similar conditions (data not shown). Thus, MK-801 neuroprotection cannot be accounted for solely by the upregulation of BDNF in neurons or in supporting glia.
The broad-based neuroprotective response evoked by brief MK-801 exposure could have arisen from upregulation of a pleotropic neuroprotective "cassette"-containing elements capable of interceding at pivotal points along the death pathways triggered by NMDA, staurosporine, etoposide, hypoxia, A␤, and other neurotoxins. Alternatively, the neuroprotective mechanism elicited by MK-801 may be focused on a single event at, or downstream of, a point at which all death pathways converge. Clearly, if the latter were the case, identifying such a "convergence point" would reveal potentially valuable therapeutic targets for blocking neuronal death by myriad processes. However, one line of evidence suggests this may not be the case. MK-801 blocked both the NMDA-induced inactivation of PKC and the activation of calpain, events critical for the excitotoxic process (Durkin et al., 1996 (Durkin et al., , 1997 Hewitt et al., 1998; Tremblay et al., 1999) . In fact, the inactivation of PKC appears to be indirectly responsible for calpain activation under these conditions (our unpublished observations). These early steps in the death mechanism take place within the first hour of NMDA addition, well before the first signs of irreversible cell damage. Because calpain inhibitors also protect cortical neurons from NMDA ( Fig. 8 A, C) , it is reasonable to suggest that MK-801 protection arises from its ability, direct or indirect, to prevent activation of this protease. However, calpain activation appears not to play a critical role in the death process imparted by staurosporine in these same cells. Staurosporine failed to induce calpainmediated spectrin hydrolysis, nor was calpain inhibition able to ablate cell death at the hands of staurosporine. Hence, MK-801 appears to interfere with at least two different "death" events that can occur in cortical cells. These data are consistent with transient NMDA receptor inactivation eliciting a broad-based neuroprotective response capable of interceding at different points along the death pathways initiated by various neurotoxic agents.
On the other hand, the effects of MK-801 preconditioning on PKC activity may partially account for the pleotropic neuroprotective effects of the drug. We and others have reported that PKC activity is dramatically reduced in neuronal cells exposed to glutamate (Durkin et al., 1996 (Durkin et al., , 1997 ) and stroke (Cardell and Wieloch, 1993) , and a recent study indicates that A␤ evokes a rapid loss of PKC␣ in human fibroblasts (Favit et al., 1998) . Similarly, staurosporine is a broad-spectrum kinase inhibitor with a clear ability to block PKC activity in cortical cells. Thus, inactivation of specific PKC isoforms may be a crucial and common step in the death paradigms by which MK-801 preconditioning is efficacious. The data in Figures 4 and 8 indicate that the ability of a MK-801 transient to block NMDA-induced PKC inactivation 48 hr later, as well as the activation of calpain coupled to PKC inhibition, is not attributable to the drug affecting NMDA-induced Ca 2ϩ influx. Because both PKC inactivation and calpain activation are fully dependent on Ca 2ϩ influx through NMDA receptors, MK-801 preconditioning likely prevents signaling steps downstream of Ca 2ϩ influx responsible for inactivating PKC and activating calpain. On a broader scope, these data suggest that a seminal neuroprotective response evoked by the brief MK-801 transient is to provide a long-term suppression of cellular processes responsible for inactivating specific PKC pools that are part of multiple death pathways in neurons. Figure 8 . MK-801 preconditioning prevents calpain activation in NMDA-injured cortical neurons. A, The ability of the calpain inhibitor calpeptin to attenuate spectrin hydrolysis and cell death in neurons treated with NMDA. Cortical cultures were treated with the indicated concentrations of calpeptin for 1 hr before being exposed to 50 M NMDA for 5 min and then (1) returned to CM for 2 hr before cell lysates were prepared and calpain activity was estimated in Western blots by the extent of spectrin hydrolysis, as described in Materials and Methods or (2) returned to CM for 24 hr before cell viability was determined by PI exclusion as described in the legend to Figure 1 . Bars represent the mean Ϯ SD (*p Ͻ 0.05, significantly different from NMDA alone). B, NMDA, but not staurosporine, causes calpain activation in cortical cells. Cells were treated with NMDA for 5 min or continuous staurosporine exposure, and calpain activation was determined 3 hr later by the extent of spectrin hydrolysis measured in lysates subjected to Western blot analysis as described above. The calpain inhibitor calpastatin was added to cultures 1 hr before the cytotoxic agents. Cell viability was determined in parallel cultures 24 hr later as described in the legend to Figure 1 . *p Ͻ 0.01, significantly different from NMDA alone. C, The effect of MK-801 preconditioning on NMDA-mediated calpain activation. Cortical cells were pretreated with 1 M MK-801 or vehicle for 30 min and returned to drug-free CM for 48 hr before being subjected to 50 M NMDA for 5 min. Cultures were then subjected to Western blot or cell viability analyses as described above. Viability results are presented as percent viable cell counts in triplicate dishes; values are means Ϯ SEM and are typical of at three separate determinations (*p Ͻ 0.01, significantly different from all other groups).
In summary, we have demonstrated that transient inhibition of basal NMDA receptor activity in cortical neurons causes the upregulation of a powerful and long-lasting survival pathway(s) in cortical neurons that is able to intersect and block death mechanisms coupled to a variety of insults leading to apoptotic and nonapoptotic death. Whether MK-801 protection arises from a multifaceted, broad-spectrum neuroprotective cassette or from a specific response acting at or downstream of a point of convergence for multiple death pathways is not clear. The nature of the signaling events during the first few hours of transient NMDA receptor inactivation that initiate and maintain the protective state within cortical cells is clearly a critical issue that is presently being addressed. As such, MK-801 and other NMDA receptor antagonists should be important tools for garnering a clearer understanding of the salient molecular events at work in neuronal survival pathways, as well as providing information as to how this neuroprotective mechanism impacts and blocks death pathways evoked by a diverse and broad group of neurotoxic agents.
